Conducting transparent polymer materials were made by applying boron-doped single-walled carbon nanotubes to the surfaces of glass and flexible polyethylene terephthalate film substrates. Optical transmission and sheet resistance measurements showed that the boron-doped coated samples had sheet resistances of ϳ7 k⍀ / ᮀ and flat optical transmission of ϳ89% for visible light. Temperature and humidity tests showed that the materials remained conductive after nearly 150 h of testing. The materials are robust and even maintain their conducting properties after being folded. Fabrication of a simple light emitting device demonstrates usage of the material as a flexible transparent electrode.
A major goal in the synthesis of carbon nanotubes ͑CNTs͒ has been the control of diameter, type, length, and tube alignment. Electronic and optical properties of singlewalled carbon nanotubes ͑SWCNTs͒ are highly dependent on tube structure. To date, a stable production method for fabricating large quantities of SWCNTs with specific attributes has proven elusive to researchers. For certain electronics and photonics applications, it is highly desirable to have nanotubes that are either completely semiconducting or metallic. Although much progress has been made with respect to preferential nanotube growth, [1] [2] [3] [4] [5] [6] [7] the fabrication process has not matured to the point where there is sufficient control for complete selectivity during synthesis. Researchers have also investigated separating metallic from semiconducting nanotubes. 8, 9 An alternative approach for producing only conductive SWCNTs is by chemical doping during synthesis with elements such as boron and nitrogen. Intercalation with boron yields all conducting CNTs, whereas bulk quantities are usually a mixture of semiconducting and metallic nanotubes in a ratio of 2:1, respectively, if the chirality distribution is random. 10 Indium tin oxide ͑ITO͒ is commonly used to make transparent electrodes. The drive toward flexible electronics renders brittle ITO films unsuitable due to the loss of conductivity when the material is subjected to acute bend angles.
11
The use of conjugated polymers is a possible solution to the bending problem. However, because this class of polymer is organic, they break down over time with exposure to air, thus requiring the complex and costly proposition of employing a protective barrier layer.
Polymers can be made conductive through percolation by applying CNT coatings onto their surfaces. [12] [13] [14] [15] The permittivity spectra of a composite material made of conducting "sticks" ͑i.e., high aspect ratio conductive cylinders͒ inside a dielectric binder was calculated using a scale-dependent local field dielectric constant and qualitative experimental agreement was obtained for values predicted using an effective medium theory. 10, 16 In our work, conducting transparent flexible films ͑thickness= 125 m͒ on polyethylene terephthalate ͑PET͒ were prepared by applying thin coatings of undoped SWCNTs and B-doped SWCNTs. In this letter, we demonstrate that better optoelectronic characteristics were achieved in samples prepared with B-doped SWCNTs. For the first time, to our knowledge, we report on the explicit experimental use of boron-doped SWCNTs as transparent electrodes and the exploitation of their intrinsic p-type conduction behavior.
For our experiments, undoped SWCNTs and B-doped SWCNTs were purchased from Carbolex ͑Lexington, KY͒ and NanoTech Labs ͑Yadkinville, NC͒, respectively. Both types of CNTs were mixed separately with tetrahydrafuran ͑THF͒ with the undoped SWCNTs having a higher solubility than the B-doped SWCNTs in THF. Next, the CNT/THF mixtures were ultrasonicated for 1 -2 h to promote separation and solubility and then allowed to settle for 24 h. Solution was extracted from the upper area of the dispersions where there were no visible particulates or CNT aggregates. Drops of solution were spin cast at 3000 rpm onto glass and PET substrates with the THF evaporating and leaving behind a CNT film. No special purification techniques were employed.
Using Raman spectroscopy ͑data not shown͒, the average diameter of the B-doped SWCNTs was determined to be 1.3 nm. Surface morphology of the CNT films can be described as a network of randomly distributed nanotubes. Samples were prepared on glass substrates for currentvoltage ͑I-V͒ measurements using the four-point probe technique with a precision current source ͑Keithley 6220͒ and a nanovoltmeter ͑Keithley 2182A͒. The I-V curves were linear and indicated Ohmic conduction. Sheet resistances R s were 2.79 and 0.88 M⍀ / ᮀ for the samples prepared with 0.2 ml of solution with the undoped and boron-doped SWCNTs, respectively. For comparison, our ITO sample had R s =22 ⍀ / ᮀ; we expect that significant improvement in our CNT sheet resistance can be gained by employing CNT purification techniques.
Optical transmission measurements were made using an UV/vis spectrophotometer ͑Cary 300Bio͒. Figure 2 shows that the optical transmission was from 5% to 12.5% higher in a B-doped SWCNT coated sample than in a sample coated with undoped SWCNTs over the visible wavelengths ͑400-700 nm͒. These transmission results are a consequence of the more soluble undoped SWCNTs which leads to a higher concentration of CNTs being deposited with 0.2 ml of solution. Table I summarizes the results from our optical and electrical measurements.
Use in photonic devices is affected by material mechanical integrity and electrical lifetime. The combination of high temperature and relative humidity ͑RH͒ can prohibit conductivity and lead to diminished lifetimes due to oxygen/ moisture induced degradation. Tests were performed on 2.5 ϫ 2.5 cm 2 samples on PET substrates to evaluate mechanical and environmental durability. After flexing and folding of the samples, surface resistance was measured across the folds and exhibited no degradation. Samples were subjected to a humidity test using a Microclimate Benchtop test chamber by Cincinatti Subzero ͑Cincinnati, OH͒. The samples were tested for 144 h at 85°C and 85% RH; evaluations indicated excellent surface adhesion with no physical delaminations of the film from the surface. No discoloring or swelling was observed. However, R s for the B-doped SWCNT material increased from 40 to 87 k⍀ / ᮀ in a two-point probe measurement. Moisture pickup is suspected to be the cause of this increase and is under further investigation.
Typical organic light emitting diodes ͑OLEDs͒ are made by depositing a hole injection layer, electron transport layer, and an emissive layer between an ITO anode and a low work function metal cathode. A percolating CNT network in an organic semiconducting host was shown to improve performance in CNT dispersed thin-film transistors. 17 Undoped-CNT sheets were demonstrated as p-type electrodes in OLEDs ͑Refs. 18 and 19͒ and GaN light emitting devices. 20 Electrically conducting CNT/fabric composites have also been made. 21 Electron and hole injections are controlled by the potential barrier height B formed at the interface by the differences between the metal electrode work function and the highest occupied molecular orbital ͑the orbital͒ and lowest unoccupied molecular orbitals ͑the * orbital͒. In B-doped SWCNTs, the band gap is filled from the valence band side with a prominent acceptorlike peak near the Fermi level. 22 This attribute can be exploited to allow the omission of the hole injection layer when using the B-doped SWCNT flexible electrode as a replacement for the ITO anode.
The device structure consisted of a top layer metal cathode, a middle layer of light emitting material made by mixing the organometallic complex ͓Ru͑bpy͒ 3 ͔͑BF 4 ͒ 2 with polyvinyl alcohol, and a bottom layer anode of B-doped SWCNT on PET film. For comparison, boron-doped and undoped SWCNTs ͑0.2 ml solutions͒ were used for the light emitting test. The B-doped SWCNT sample showed red light emission with an illuminance of 0.3 lx and a turn-on voltage of ϳ5 V. However, the undoped SWCNT sample did not produce optical emission because of its high sheet resistance ͑i.e., low conductance͒. Figure 3͑b͒ shows the B-doped SWCNT OLED on PET film operating while bending over a radius Ͻ1 cm.
In conclusion, we were able to demonstrate the use of a B-doped SWCNT film on PET as a transparent flexible anode on an OLED device. The B-doped SWCNT network has a flat transmission across the visible wavelengths. The flexible material retains its conductivity after bending and folding over acute angles and environmental tests proved that the films continue to conduct even after 144 h of 85°C/85% RH testing.
